The magnetic skyrmion, i.e., a topologically stable swirling spin configuration, has recently attracted attention as a particle-like object potentially suitable for the design of high-density information bits [1] [2] [3] [4] [5] [6] [7] . Previous observations of skyrmions have mostly focused on noncentrosymmetric systems with Dzyaloshinskii-Moriya interaction [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] , while further search of novel mechanisms to realize smaller skyrmion is highly demanded [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] . Very recently, skyrmion formation has also been reported for a centrosymmetric magnet with triangular lattice, where the role of geometrical frustration is considered as essential 29 Ordering of magnetic moments in non-collinear or non-coplanar textures has been known as a source of plentiful and intriguing phenomena 1 . Among them, the magnetic skyrmion generally appears as a vortex-like swirling spin texture with non-zero integer skyrmion number defined by
which represents how many times the spin directions wrap a unit sphere [2] [3] [4] . Here, the integral is taken over the two-dimensional magnetic unit cell, and ( ) = ( )/| ( )| is the unit vector pointing along the local magnetic moment ( ). This indicates that a magnetic skyrmion has the character of a countable particle. Its size typically ranges from hundreds to a few nanometers. In metallic materials, the skyrmion motion can be efficiently driven by the electric current through spin transfer torque, and the interplay between conduction electron and the skyrmion spin texture via quantum Berry phase also leads to unique transport phenomena such as the topological Hall effect 5,6 . Such a stable particle nature, small size, and electric controllability highlight the magnetic skyrmion as a potential new information carrier for high-density magnetic storage devices 7 .
Previously, the emergence of magnetic skyrmions has mostly been reported for a series of materials with noncentrosymmetric structures, where the inherent spin-twisting interaction termed Dzyaloshinskii-Moriya (DM) interaction plays a crucial role in the skyrmion formation 8 [8] [9] [10] [11] [12] [13] [14] [15] , Neel type 16, 17 , and anti-vortex type skyrmion (or antiskyrmion) 18 has been reported for chiral, polar, and D2d symmetry of bulk magnets, respectively. On the other hand, recent theoretical studies suggest that skyrmions can be stabilized even in centrosymmetric systems by considering different microscopic mechanisms 19 . For example, geometrical frustration of shortrange exchange interactions on triangular lattice is predicted to stabilize a hexagonal lattice of skyrmions [20] [21] [22] . Another potential mechanism is the interplay of Ruderman-Kittel-Kasuya-Yosida (RKKY) and four-spin interactions associated with s-d or s-f coupling mediated by itinerant electrons, which is expected to favor a multiple-Q skyrmion lattice state for highly-symmetric (such as hexagonal or tetragonal) crystal lattice system [23] [24] [25] [26] [27] [28] . In the latter scenario, the wave vector of magnetic modulation is governed by the long-range RKKY interaction, which can cause a kind of magnetic frustration.
Here, an important challenge is the search for an appropriate material system to experimentally realize these situations. Very recently, it has been discovered that the centrosymmetric triangular-lattice magnet Gd2PdSi3 hosts a hexagonal lattice of skyrmions, which is characterized by the small skyrmion diameter ~ 2.4 nm with an associated giant topological Hall effect 29 . Similar skyrmion formation has also been reported for centrosymmetric Gd3Ru4Al12 with breathing Kagomé network 30 . For these compounds, the existence of geometrically frustrated lattice is considered to be the key for the skyrmion formation.
Nevertheless, the competition of long-range magnetic interactions mediated by itinerant electrons can be allowed for any types of crystal lattice, in principle. Therefore, it remains an important question whether similar skyrmion formation in centrosymmetric magnets without geometrically frustrated lattice is possible or not. In this study, we focus on the centrosymmetric tetragonal magnet GdRu2Si2 without geometrically frustrated lattice, and investigated its magnetic structure in detail. We found the emergence of the double-Q square skyrmion lattice state in an out-ofplane magnetic field. The observed skyrmion diameter is as small as 1.9 nm, which is the smallest among ever reported for single-component bulk materials. Our present results demonstrate that skyrmion lattice can be formed even without geometrically frustrated lattice nor inversion symmetry breaking, and suggest that rare-earth intermetallics with highly symmetric crystal lattice in general can be a promising material platform to realize nanometric skyrmions of exotic origins.
GdRu2Si2 belongs to the family of RM2X2 compounds crystallized in ThCr2Si2-type structure with centrosymmetric tetragonal space group I4/mmm (R: rare-earth element, M: 3d, 4d or 5d element and X: Si or Ge) 31 . The crystal structure consists of alternate stacking of square lattice Gd layers and Ru2Si2 layers as presented in Fig. 1a , where the magnetism is governed by Gd 3+ (S = 7/2, L = 0) ions with Heisenberg magnetic moment. According to previous reports, this compound hosts incommensurate magnetic order below TN  46 K 31, 32 , with magnetic modulation vector Q = (0.22, 0, 0) confined within the tetragonal basal plane 33 . Application of a magnetic field B along the [001] axis induces several magnetic phase transitions as summarized in Fig. 1b , while the detailed magnetic structure in each phase has not been identified [31] [32] [33] [34] . Here, the simultaneous appearance of Q1 = (q, 0, 0) and Q2 = (0, q, 0) can be interpreted as either a double-Q magnetic state or multiple-domains of a single-Q magnetic state. One of the most effective ways to distinguish these two possibilities is the identification of additional Q1 + Q2 modulations 35 , which are allowed to appear only for the former double-Q magnetic state. In can be more directly confirmed in the magnetic field dependence of the integrated intensity for the Q1 + Q2 magnetic peak ( Fig. 2m ), in which the appearance of the Q1 + Q2 modulation is clearly correlated with the transition into Phase II. On the basis of these results, we conclude that Phase II is a double-Q magnetic state.
Next, to investigate the spin orientation in each magnetic phase, we analyze the polarization of the scattered x-ray. The experimental geometry is illustrated in Figs represented by a superposition of two screw spin textures with their magnetic modulation vectors orthogonal to each other. By assuming the fixed amplitude of local magnetic moment, the spin texture ( ) is approximately described by
Here, approximately scales with the B-induced out-of-plane uniform magnetization component.
The normalization process leads to the emergence of higher harmonic terms in ( ) with the wave vectors such as 2Q1, 2Q2 and Q1 + Q2, whose existence has also been confirmed experimentally (See Fig. 2f, Fig. S6 , and the related discussion in Supplementary Note V). Figure 1d describes the spin texture given by Eq. (3) , which is characterized by the integer skyrmion number = −1 per magnetic unit cell according to Eq. (1) and can be considered as the square lattice of magnetic skyrmions (See Fig. S4 and Supplementary Note IV). Similar polarization analysis has also been performed for the Phase III, whose magnetic structure is displayed in Fig. 1e . (See Supplementary Note II for the detail). In general, the SkL phase is separated by first-order phase-transition boundaries with other topologically-trivial magnetic phases 21, 25, 29, 30 , which is consistent with the observed M-B profile with two discontinuous magnetization steps with clear hysteresis (Fig. 2j ).
Note 15 based on these two images, the spatial distribution of in-plane local magnetization is deduced as shown in Fig. 4h . We can confirm the square lattice of vortex-like spin arrangements, which is revealed to be consistent with the spin texture in Fig. 1d representing the square skyrmion lattice described by Eq. (3) . Above Tc, all the magnetic contrast and the corresponding magnetic reflections disappear as shown in Fig. 4d .
Hereafter, we discuss possible microscopic origins of square skyrmion lattice formation in the present compound, GdRu2Si2. Theoretically, several distinct mechanisms for the emergence of multiple-Q spin textures have been proposed, such as (1) Dzyaloshinskii-Moriya interaction in noncentrosymmetric magnets 2,3,8 , (2) competition of short-ranged exchange interactions in geometrically frustrated magnets [20] [21] [22] , and (3) interplay of RKKY and four-spin interactions related to the coupling between conduction electron and localized moment in itinerant magnets with highly-symmetric lattice [22] [23] [24] [25] [26] . Here, the mechanism (2) and (3) are associated with magnetic frustration in a broad sense, and the magnetic modulation is generated by the sign-alternating competing spin exchange interactions in the both cases. In the latter case for itinerant magnets, the presence or absence of magnetic frustration is not directly linked to the underlying crystal lattice geometry.
Since the crystal structure of GdRu2Si2 is centrosymmetric, the contribution from the DM interaction is not relevant in the present case. Instead, the family of RRu2Si2 systems commonly shows incommensurate magnetic modulation along in-plane directions, which has been discussed in terms of ( • − )-type RKKY interactions reflecting Fermi surfaces properties 31 . In this sense, the present formation of a square skyrmion lattice can potentially be ascribed to the fourspin interaction mediated by itinerant electrons [23] [24] [25] [26] [27] [28] . This mechanism has originally been proposed for Fe atomic monolayer on Ir(111) surface, where the formation of a double-Q square skyrmion lattice has been confirmed by spin-polarized scanning tunneling microscopy experiments 26 . A similar mechanism has also been discussed to describe the coplanar triple-Q magnetic order in the hexagonal magnet Y3Co8Sn4 27 . Here, the four-spin interaction is generally described as 1,2,3,4) giving multiple maxima in the bare susceptibility in reciprocal space, which lifts the degeneracy between multiple-Q and single-Q magnetic orders. The present discovery of a square skyrmion lattice in GdRu2Si2 suggests that a similar mechanism may also promote the SkL formation in single-component bulk materials. In this case, the tetragonal symmetry of the underlying crystal lattice allows the existence of multiple-number of equivalent magnetic modulation vectors Q1 and Q2 determined by RKKY interaction, and the additional contribution from the four-spin interaction stabilizes the double-Q square skyrmion lattice orders. Recently, the tetragonal itinerant magnet CeAuSb2 was reported to host a double-Q collinear spin density wave state under B // [001], but this material is characterized by strong Ising magnetic anisotropy and skyrmion formation is not allowed 37 . In contrast, magnetism in GdRu2Si2 is dominated by Gd 3+ Heisenberg spins, which should be another important factor for the present skyrmion formation. Note that GdRu2Si2 is characterized by moderate amplitude of easy axis anisotropy 32 , which can also provide the effective four-spin interaction and stabilize the multiple-Q order 19, 21 .
Such an interplay among the magnetic interactions mediated by itinerant electrons and the easyaxis magnetic anisotropy is perhaps responsible for the present SkL formation.
In the case of DM-induced skyrmions, a close-packed triple-Q hexagonal SkL is usually favored irrespective of the underlying crystal symmetry [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] , and the double-Q square SkL is rather exceptional 13, 15, 38, 39 . The present observation of square SkL in tetragonal GdRu2Si2 suggests the strong correlation between lattice symmetries of SkL and crystal structure, which can be a unique feature of centrosymmetric rare-earth intermetallics.
Interestingly, GdRu2Si2 has the same crystal structure as the 122-type Fe-based superconductors, and this family of materials allows wide variety of chemical parameter tuning.
Because of the lack of geometrically frustrated lattice and inversion symmetry breaking, the present RM2X2 system with its centrosymmetric tetragonal lattice may offer an ideal material platform to explore the novel skyrmion formation mechanism potentially mediated by itinerant electrons. The small skyrmion size and spin-helicity degree of freedom are another advantage of GdRu2Si2, and further systematic investigation of the detailed magnetic structure as well as its relation with the electronic structure and emergent electromagnetic responses for this material family will be essential. The present results establish that skyrmions can be stabilized even without geometrically frustrated lattice nor inversion symmetry breaking, which suggests a new route for the design of nanometric topological spin textures in single-component systems. The further experimental identification of isolated skyrmion particle 21 in such systems would be an important challenge for the potential application.
Methods
Crystal Growth. Single crystals of GdRu2Si2 were grown by the optical floating zone method. Polycrystals were prepared by the arc-melt technique from pieces of high quality elements Gd (3N), Ru(3N) and Si(5N) using a water cooled copper crucible under Ar atmosphere. The obtained crystals were characterized by powder x-ray diffraction, which confirmed the purity of the sample. Crystal orientations were determined using the back reflection x-ray Laue photography method.
Magnetic and electrical transport property measurements. Measurements of magnetic properties were performed using a superconducting quantum interference device magnetometer (MPSM 3, Quantum Design). To characterize electrical transport properties, the rectangular bar-shaped samples were used with silver paste as an electrode. Measurements of xx and yx were performed using the AC-transport option in a Physical Property Measurement System (PPMS). To avoid the possible discrepancy due to shape anisotropy caused by the demagnetization effect, the same crystal was used for the measurements of magnetic and electrical transport properties. Fig.   2 ), the possibility of double scattering can be excluded because the present Q1 + Q2 reflection is observed only in Phase II. In addition, the penetration depth of x-ray is much smaller than that of neutron, which prevents the emergence of the double scattering process. (Phase II) . As discussed in the main text, the intensities of (-') and (-') channels mainly reflect the [001] and [100] components of , respectively. (g),(h) Line scan direction in reciprocal space, as well as a real-space illustration of modulated spin components belonging to each magnetic modulation vector. In (e), an additional peak (highlighted by the symbol *) is observed at  ~ 0.226, whose origin is discussed in the Supplementary Material. 
